Introduction {#sec1-1}
============

Episodes of partial or complete airway obstruction lasting for \>10 s during sleep characterize obstructive sleep apnea (OSA). Symptoms of excessive daytime sleepiness and an apnea-hypopnea index (AHI) of \>5 events/h during polysomnography confirm the presence of OSA ([@ref1]). The prevalence of OSA in the adult population is between 5% and 14%; however, this condition is often undiagnosed because of a lack of awareness and limited access to sleep centers ([@ref2], [@ref3]).

OSA is associated with cardiovascular diseases. For example, 20% of hypertensive patients have OSA, and a large study of 450 consecutive patients with heart failure estimated that the prevalence of OSA was between 31% and 38% ([@ref4], [@ref5]). Ventricular arrhythmias and cardiac conduction disorders are frequent in patients with sleep disordered breathing (SDB), and the frequency of arrhythmic events decreases after the treatment of OSA ([@ref6]). Previous studies have also documented a strong association between OSA and atrial fibrillation (AF) ([@ref7]). In addition, several studies suggest that there is increased risk of stroke in patients with OSA when they also have AF ([@ref8]).

This review will address the following questions: 1. Does the presence of OSA in patients with AF increase the incidence of stroke or change the outcome in patients with stroke? 2. Does the presence of OSA in patients with AF change the management of AF or the success of management? 3. Does the presence of OSA in patients undergoing cardiac surgery increase the number of complications? 4. Does the presence of OSA change the management of patients with coronary artery disease (CAD)? This review will not discuss the association between OSA and hypertension or pulmonary hypertension.

Pathophysiological events during apneas at night {#sec2-1}
------------------------------------------------

Repeated apneas and hypopneas during the night have pronounced physiological effects in patients with OSA ([@ref9]). Reductions in ventilation cause alveolar hypoxia and hypercapnia. Pulmonary artery pressures increase because of pulmonary artery vasoconstriction related to alveolar hypoxia and because of increased blood return to the right heart secondary to negative intrathoracic pressure. Right ventricular overload can cause paradoxic movement of the intraventricular septum to the left and decrease left ventricular compliance. In addition, the negative intrathoracic pressure increases left ventricular afterload and left ventricular work. These changes can cause transient left ventricular dysfunction. These events are associated with increased sympathetic activity ([@ref10]). Hypoxia, acidemia, and increased sympathetic activity predispose these patients to arrhythmias at night. Patients with severe OSA defined by an AHI of \>30 have more frequent AF, nonsustained ventricular tachycardia, and complex ventricular ectopy than patients with an AHI of \<5 ([@ref11]). These arrhythmias occur more frequently following a respiratory event than during periods of normal respiration in these patients ([@ref12]). These pathophysiologic events likely contribute to the adverse cardiac outcomes discussed in this review.

Obstructive sleep apnea and stroke {#sec2-2}
----------------------------------

OSA has negative effects on cardiovascular physiology and causes increased platelet adhesiveness, vascular endothelial dysfunction, hypercoagulability, decreased cerebral blood flow, paradoxical embolization, and atherosclerosis. All of these alterations have a potential to put patients at an increased risk of cardiovascular events, including stroke ([@ref13]). Since 1985, OSA has been studied as a potential risk factor for stroke, and studies in the 1990s have reported that the prevalence of OSA among patients with stroke was \>60% ([@ref14], [@ref15]). However, at that time, it was not clear whether the high prevalence of stroke in patients with OSA was independent of confounders such as obesity, hypertension, and smoking history ([@ref16]). Moreover, the temporal relationship between OSA and stroke was not determined, and it was not known if OSA preceded the occurrence of stroke.

Several studies have now provided sufficient evidence to prove that OSA is an independent risk factor for stroke. Four of these studies specifically evaluated stroke as the only endpoint; two studies used composite endpoints, such as cardiovascular events and strokes as well as all-cause death, and not stroke as the only endpoint ([@ref13]-[@ref19]). Arzt et al. ([@ref13]) studied patients aged 30 to 60 years who were followed up for 12 years. They concluded that patients with an AHI of \>20 had an increased prevalence of stroke compared with healthy individuals, independent of confounders. They also found that patients with moderate-to-severe OSA had an increased risk of having their first stroke over the next 4 years. However, after adjustment for confounders, this odds ratio was no longer significant. In addition, during the 4-year prospective follow-up, only 14 strokes occurred, limiting the statistical power of the study to detect a significant association between OSA and incident stroke. Shahar et al. ([@ref18]) studied 6,000 subjects aged \>40 years in the Sleep Heart Health Study (SHHS) who underwent overnight polysomnography at home to determine the cross-sectional association between SDB and the self-reported occurrence of stroke. They found a higher prevalence of self-reported stroke among subjects with OSA who had an AHI of \>11/h; however, their final model did not adjust for hypertension or body mass index.

Munoz et al. ([@ref15]) also studied an older population: individuals aged 70-100 years were followed up for 6 years. They found an increased risk of stroke in patients with severe OSA (AHI\>30), but they adjusted only for age and sex and for no other confounders ([@ref15]). Finally, Redline et al. ([@ref19]) determined the incidence of stroke in a population extracted from the SHHS. Incident stroke was defined as the first occurrence of stroke between the date of the baseline polysomnogram and the end of follow-up of approximately 8 years. A significant positive association between ischemic stroke and AHI was observed in men; moreover, in the mild-to-moderate range (AHI between 5 and 25), each 1-unit increase in AHI increased the stroke risk by 6%. The relationship between AHI and stroke risk persisted after multiple adjustments for confounders. In women, stroke was not significantly associated with AHI quartiles; however, increased risk was observed at an AHI of \>25.

Thus, recent studies demonstrate that OSA is an independent risk factor for ischemic stroke and that the risk of stroke is higher in more severe forms of OSA. One study also suggests that OSA might affect recovery from a stroke, possibly because sleep deprivation affects the response to rehabilitation or because nocturnal hypoxemia might impair neuronal healing ([@ref20]). Mansukhani et al. ([@ref20]) prospectively studied patients with recent stroke who were screened for OSA using the Berlin Sleep Questionnaire. Seven patients out of 174 in the study had a prior diagnosis of OSA. The 30 day mortality after stroke was five-fold higher in these patients, and OSA was an independent predictor of worse functional outcomes after hospital discharge.

Obstructive sleep apnea, atrial fibrillation, and stroke {#sec2-3}
--------------------------------------------------------

A recent population based study demonstrated that OSA may increase the risk of AF by up to four fold; these patients are more likely to develop new onset AF independent of obesity ([@ref21], [@ref22]). Approximately 32%-49% of patients with AF have documented OSA ([@ref17]). It has been proposed that OSA causes swings in the intrathoracic pressure during upper airway narrowing, resulting in atrial enlargement and, thus, predisposing the patient to the development of AF ([@ref21]). In view of this association, studies have been conducted to evaluate the effect of OSA on the frequency of stroke in patients with AF to determine whether patients with OSA and AF have worse outcomes than those with no OSA, and to measure the impact of treatment of sleep apnea on the incidence of stroke in patients with AF

Mansukhani et al. ([@ref21]) studied patients with newly diagnosed OSA with a sleep study and identified those diagnosed with ischemic stroke during the same timeframe. These authors compared these patients with those who had OSA only and determined the presence of AF. AF was more prevalent in patients with OSA who had had a stroke, and after controlling for confounders, AF was significantly associated with stroke in patients with OSA.

Holmqvist et al. ([@ref22]) studied the population from the Outcome Registry for Better Informed Treatment of Atrial Fibrillation (ORBIT-AF) who had reported AF and OSA. They determined the incidence of stroke, non-nervous systemic embolic events, and TIA in their study population, and also determined the effect of CPAP treatment on these outcomes. They concluded that the risk of death and the composite of cardiovascular death, myocardial infarction, and stroke/TIA were not significantly different between patients with both AF and OSA and patients with only AF, despite the fact that patients in the OSA/AF group were more likely to have a smoking history and higher BMIs. There were no statistically significant differences in mortality rates and major cardiovascular events between patients with OSA treated with CPAP and those without treatment. These results differ from those of Yaranov et al. ([@ref23]), who performed a retrospective cohort study on patients with AF who had OSA to determine the occurrence of first time stroke ([@ref23]). They found that the prevalence of stroke was higher in patients with AF and OSA compared with those without OSA (odds ratio for first-time stroke in patients with AF having OSA compared with those without OSA: 3.84, 95% CI: 1.33-11.05). This association remained statistically significant after adjustment for confounders such as BMI, smoking history, hypertension, and age, showing that OSA was an independent risk factor for stroke in patients with AF. Additionally, they found a dose effect relationship between AHI and the incidence of stroke and a decreased likelihood of stroke in patients with OSA who were compliant with CPAP compared with those who were not.

There are several points to note regarding the study by Holmqvist et al. ([@ref22]). First, they used a composite endpoint, not stroke only as Yaranov did ([@ref23]). Second, patients with OSA were more likely to be on prophylactic anticoagulation despite similar CHADS~2~ scores. This may have affected the results of this study by decreasing the incidence of stroke in patients with OSA. Third, the diagnosis of OSA was based on medical records and not on sleep study results. Since the prevalence of OSA in this population was lower than expected, it is likely that some patients with OSA were missed or undiagnosed. Finally, patients were only followed up for 2 years, which might not be sufficient time to calculate the actual incidence of events in the groups. The authors also note that compliance and the average number of hours of CPAP use per night in patients undergoing CPAP treatment were not known and that this might have affected the study results.

Since AF is one of the most important preventable causes of ischemic stroke and OSA is now known to be an independent risk factor for ischemic stroke, it has been proposed that OSA should be included in the risk assessment tools used to evaluate the risk of ischemic stroke in patients with AF Chang et al. ([@ref24]) examined whether or not OSA provided additional predictive value to CHA2DS2-VASc scores to determine the patients may benefit from primary prevention of ischemic stroke. They concluded that adding OSA to the CHA2DS2-VASc score did not improve its predictive value for ischemic stroke in patients with AF This study result was unexpected, and some suggest that the study design was not adequate. First, the study included only patients with severe OSA requiring CPAP This is a smaller subgroup, and treatment with CPAP might ameliorate the impact of OSA on stroke risk and attenuate the risk of stroke in patients with OSA. Second, the authors report similar baseline CHA2DS2- VASc scores for the two groups, even though patients with concomitant AF and OSA had more frequent hypertension, diabetes, CAD, and peripheral arterial disease than patients with AF but without OSA ([@ref25]).

Effect of obstructive sleep apnea on the management of atrial fibrillation {#sec2-4}
--------------------------------------------------------------------------

AF is a common arrhythmia and is common in patients with OSA. Patients with OSA have increased oxidative stress and inflammation, which increases left atrial volume, electroanatomic atrial remodeling, and fibrosis; these, in turn, increase the risk of AF ([@ref26], [@ref27]). In addition, patients with OSA often have enhanced sympathetic tone with surges in blood pressure during apneic episodes and during arousal periods at the end of obstructive events. This leads to left atrial stretch through pressure and volume overload and diastolic dysfunction, which can trigger AF episodes. Finally, intermittent nocturnal hypercapnia and hypoxemia present in patients with OSA may also increase patient vulnerability to developing AF by increasing the atrial conduction time. These three major mechanisms can limit the efficacy of medical, electrical, and catheter based treatment of AF

The treatment of OSA with continuous airway positive pressure (CPAP) reduces the number of hypoxic and hypercapnic episodes and diminishes the sympathetic tone in patients with OSA. These effects may decrease the recurrence rate of AF episodes regardless of the treatment strategy for AF Fein and coworkers examined the effect of CPAP on AF recurrence in patients with OSA who underwent pulmonary vein isolation. CPAP therapy mitigated the AF recurrence rate and increased AF-free survival in their study ([@ref26]). The authors concluded that CPAP therapy can improve outcomes with AF ablation procedures and improve patient selection before offering this costly therapy to patients with coexistent AF and OSA. Naruse et al. ([@ref28]) also evaluated the efficacy of CPAP therapy on recurrences after AF ablation in a prospective study with 153 patients. The authors found that patients with untreated OSA had a higher recurrence of AF after ablation. CPAP therapy in patients with OSA reduced the risk of recurrent AF by 60% (HR 0.41; 95% CI 0.22-0.76; p\<0.01). These studies underline the importance of aggressive OSA treatment to improve AF ablation outcomes.

CPAP therapy decreases the left atrial volume index and improves cardiac remodeling; therefore, clinicians might expect CPAP treatment to reduce the rate of recurrent AF episodes ([@ref29]). However, despite the high prevalence of both OSA and AF as well as the important implications of this association in current clinical practice, a randomized clinical trial specifically designed to determine whether CPAP therapy actually reduces the risk of recurrence of AF has not been done.

Effect of obstructive sleep apnea on outcomes postcardiac surgery {#sec2-5}
-----------------------------------------------------------------

SDB is relatively common in patients with CAD and can potentially have adverse effects during the postoperative period following cardiac surgery. Uchoa et al. ([@ref30]) studied the effects of OSA on cardiovascular events following coronary artery bypass surgery in 67 patients. The AHI was \>15 events/h in 56% of these patients. There were no differences in all-cause death, myocardial infarction, repeat revascularization, or cerebrovascular events in patients with OSA during the first 30 days following surgery. However, there was a significant increase in the composite cardiovascular event score during prolonged follow-up in these patients (mean, 4.5 years). Patients with OSA had more frequent revascularization (19% vs. 0%), episodes of typical angina (30% vs. 7%), and AF (22% vs. 0%). These patients did not undergo any treatment during the follow-up because of financial constraints related to government insurance. Mooe et al. ([@ref31]) monitored 121 consecutive patients during hospitalization following coronary bypass surgery. Patients with an AHI of \>5 had a nonsignificant increase in AF during the postoperative period. Patients with an oxygen desaturation index (ODI) of \>5 episodes/h had a statistically significant increase in AF (39% vs. 18%, p=0.02). Multivariate analysis indicated that increased age and an abnormal ODI increased the risk of AF in the postoperative period. Unosawa did postoperative portable monitoring for SDB and cardiac arrhythmias in 89 patients during the postoperative period following cardiac surgery ([@ref32]). Twenty-six patients (29.2%) had an AHI of \>15. These patients did not have a significant increase in the frequency of AF but did have more frequent premature ventricular contractions than patients without SDB (AHI\<15). In addition, maximum daytime and nighttime heart rates were significantly higher in the frequent SDB group during the postoperative period. The studies report mixed results on the effect of OSA in postoperative cardiac patients. Patients with coronary disease are likely to have a higher frequency of OSA. This may result in nocturnal hypoxemia during the postoperative period, particularly if the patient receives narcotics for postoperative pain. However, the postoperative state might alter the frequency of AHI secondary to changes in respiratory drive, and routine management protocols with oxygen and/or noninvasive ventilation may reduce the degree of hypoxemia and AHI. Therefore, physicians caring for postoperative cardiac patients who have adverse events, particularly AF, should consider the possibility of untreated sleep apnea as a factor in these complications. During long-term follow-up, these patients will likely require evaluation for OSA and treatment if the AHI is high.

Effect of obstructive sleep apnea on coronary artery disease {#sec2-6}
------------------------------------------------------------

Patients with CAD have an increased frequency of OSA ([@ref33]-[@ref35]). Several studies have reported a positive association between the severity of sleep apnea and the extent of coronary artery calcification (CAC) based on electron beam computed tomography ([@ref35], [@ref36]). Inami et al. ([@ref36]) studied 83 patients and found that the severity of SDB was associated with the severity of the coronary atherosclerotic burden using coronary angiography and the Gensini score. Even in stable patients with CAD, they found that the severity of SDB was associated with increased levels of NT-proBNP and hs-TnT cardiac markers, suggesting ongoing silent myocardial stress and injury. Sorajja et al. ([@ref37]) studied 202 patients without clinical coronary disease and found a strong association between OSA and subclinical CAD. OSA was directly associated with the extent and severity of CAC, and this association was independent of traditional coronary disease risk factors.

Several studies have concluded that OSA is an independent risk factor for the development of incident CAD ([@ref33], [@ref37]-[@ref39]). However, in some studies, the findings were equivocal, and the results could not be generalized to all populations, particularly women of any age and men aged \>70 years ([@ref40], [@ref41]). The prospective longitudinal Sleep Health Heart Study found that OSA was a significant predictor of the development of CAD and CHF in men between the ages of 40 and 70 years but not in women or older men ([@ref40], [@ref41]). Middle aged men with an AHI of \>30 had a 68% greater chance of developing coronary heart disease defined by myocardial infarction, revascularization, or cardiac death than those with AHI\<5.

The mechanisms that contribute to the pathogenesis of CAD in patients with OSA are multifactorial. Endothelial dysfunction, systemic inflammation, oxidative stress, hypoxia-induced sympathetic activation, and metabolic dysregulation lead to hypertension and atherosclerosis as well as promote coronary artery damage ([@ref35], [@ref36], [@ref38], [@ref42], [@ref43]). This association between OSA and CAD has significant treatment implications. Patients with CAD and untreated OSA had a worse prognosis ([@ref38], [@ref44]). Patients with OSA treated with CPAP had improvement in their coronary health ([@ref34], [@ref35], [@ref45]-[@ref47]). Liu reported that 3 months of treatment with noninvasive ventilation improved ventricular dimensions and left ventricular ejection fractions and also reduced pro-brain natriuretic peptide levels ([@ref47]).

In summary, OSA has a strong association with CAD, and treatment of OSA has the potential to improve outcomes in patients with CAD.

Discussion {#sec1-2}
==========

OSA is a relatively common condition in adults and has definite adverse effects on the cardiovascular system ([Table 1](#T1){ref-type="table"}) ([@ref2], [@ref3]). These effects include acute effects associated with alveolar hypoventilation during apnea and the associated changes in pulmonary artery pressures and left ventricular function ([@ref9]). OSA also has chronic effects on arterial vessels secondary to changes in coagulation and accelerated atherosclerosis. OSA increases the frequency of stroke even after adjustment for other confounding medical disorders ([@ref15], [@ref19]). Patients with AF have an increased frequency of OSA, and patients with both disorders have an increased incidence of stroke. The treatment of patients with OSA and AF with CPAP can reduce the frequency of stroke ([@ref21], [@ref22]). OSA complicates the management of AF and appears to increase recurrence rates. Better management of OSA with CPAP can reduce these recurrence rates ([@ref28]). OSA has the potential to increase complications during the postoperative period in patients undergoing cardiac surgery. In-hospital management of these patients may minimize adverse effects related to OSA; however, these patients appear to have more frequent complications during the long-term follow-up if OSA is undertreated ([@ref30]). Patients with CAD and OSA have more frequent cardiac events ([@ref40], [@ref41]). In summary, OSA has important adverse consequences in patients with common cardiovascular disorders. Clinicians need to consider this diagnosis while managing these patients, and treatment with CPAP has the potential to reduce the complexity of management, the frequency of incident stroke, and the frequency of recurrent stroke and recurrent AF in these patients. Screening for OSA may involve questionnaires, such as the Berlin questionnaire, portable home polysomnography, or formal overnight polysomnography in sleep centers, in patients with symptoms suggesting sleep apnea.

###### 

Important articles on associations between OSA and CVDs used in this review

  Clinical diagnosis                   Study                                                                             Outcome
  ------------------------------------ --------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Stroke ([@ref19])                    5422 participants, untreated OSA, median follow-up 8.7 years                      193 strokes; 4.4 strokes per 1000 person-years; OAHI \>19 in men resulted in R: 2.86 after adjustment; non-significant HR in women
  Stroke with AF ([@ref23])            332 patients with AF, 85.2% with OSA                                              22.9% had stroke; OR: 3.65 with OSA; increased stroke with CHADS2 score 0 & 1; more likely in CPAP non-compliant patients
  AF management ([@ref28])             153 patients with AF, 116 with OSA, median follow-up 18.8 months after ablation   51 patients with recurrence; OSA increased recurrence (HR 2.61, P\<0.05); CPAP decreased recurrence (HR 0.41, P\<0.01)
  Coronary artery disease ([@ref40])   4422 subjects with median follow-up 8.7 years                                     473 incident coronary events; in men \<70 years the HR was 1.10 per 10 unit increase in AHI; no increase in older men or women; 308 cases of CHF; HR: 1.13 per 10 unit increase in AHI in men all ages; no increase in women
  Cardiac surgery ([@ref30])           67 patients with coronary surgery, 57% had AHI \>15                               No increase in complications during first 30 days following surgery; significant increase in composite cardiac event score during 4.5 year follow-up

AF - atrial fibrillation; CHF - congestive heart failure; CVD - cardiovascular disorders; HR - hazard ratio; OAHI - obstructive apnea-hypopnea index; OR - odds ratio; OSA - obstructive sleep apnea

The association between OSA and cardiovascular disorders discussed in this review has important clinical implications for patients. AF and CAD clearly impact longevity and quality of life, and the management of these disorders frequently requires complicated medication regimens and/or invasive procedures. We need more definitive information on the contribution of OSA to outcomes in these patients based on trials that are randomized and controlled as much as possible ([Fig. 1](#F1){ref-type="fig"}). The definition of clinically important AHI in these patients is unknown, and the study design should consider the following questions: 1. Is the diagnosis of OSA sufficient to identify patients at risk of cardiovascular complications? 2. Is there a linear relationship between AHI and the frequency of cardiovascular complications? 3. Is there an AHI threshold that identifies patients at an increased risk of complications? 4. Do patients with apneas and daytime sleepiness have more complications than patients with apneas but no sleepiness? 5. Does the oxygen desaturation index (i.e., the degree of hypoxemia) help predict complications? Randomized controlled trials are possible in the management of patients with AF and stroke. For example, patients with AF scheduled for ablation procedures can undergo polysomnography. Patients with elevated AHI defined by an AHI of \>15 can undergo CPAP titration and treatment for 4-8 weeks prior to the ablation procedure. The control group may be merely observed. Following ablation, patients may continue treatment or remain under observation. Follow-up studies may determine the success rate for ablation, the frequency of recurrence, and the impact of CPAP treatment on these outcomes. Patients with stroke are frequently referred to rehabilitation centers posthospitalization. These patients can undergo portable polysomnography within 7 days postdischarge and be randomized into two groups. Some patients with an AHI of \>15 can start CPAP treatment. The control group may have no therapy directed at OSA. Polysomnography can be repeated after 4-8 weeks in the control group to determine the percentage of patients with resolved OSA following acute stroke and the percentage of patients with persistent OSA. The latter group could be randomized into treatment and observation groups to determine the frequency of recurrent stroke and transient ischemic events as well as clinical outcomes. The design of these clinical trials will depend on case load and resources.

![OSA screening and management in patients with selected cardiovascular diseases\
\*An argument could be made for an AHI\>5](AJC-15-944-g001){#F1}

Pastori et al. ([@ref48]) recently reported a prospective study involving 1019 patients with AF All patients were treated with oral vitamin K antagonists and had a median follow-up of 34 months. These patients had 111 cardiovascular events during follow-up for an event rate of 3.43%/year, which was much higher than the stroke and transient ischemic attack event rate (0.96%/year). Multivariate analysis indicated that age, smoking, history of cerebrovascular or cardiac events, metabolic syndrome, heart failure, and male sex predicted these events. These authors concluded that metabolic syndrome is a common clinical feature in patients with AF that increases their risk of cardiovascular events. They encourage a holistic approach to the management of these patients to reduce cardiovascular complications. However, they did not consider the possibility of OSA as a contributing factor. Because of the strong association between metabolic syndrome and OSA, this study suggests that this holistic approach should depend on medication as well as include a careful assessment of OSA, particularly in patients with AF ([@ref48]). This study suggests that there are opportunities for improving outcomes in patients with chronic cardiovascular disease having OSA, if well-designed studies provide conclusive management strategies.
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